The endoplasmic reticulum (ER) forms a network of sheets and tubules that 27 extends throughout the cell. Proteins required to maintain this complex structure include 28 the reticulons, reticulon-like proteins, and dynamin-like GTPases called atlastins in 29 mammals and Sey1p in S. cerevisiae. Yeast cells missing these proteins have abnormal 30 ER structure, particularly defects in the formation of ER tubules, but grow about as well 31 as wild-type cells. We screened for mutations that cause cells with defects in maintaining 32 ER tubules to grow poorly. Among the genes we found were members of the ER 33 mitochondria encounter structure (ERMES) complex that tethers the ER and 34 mitochondria. Close contacts between the ER and mitochondria are thought to be sites 35 where lipids are moved from the ER to mitochondria, a process that is required for 36 mitochondrial membrane biogenesis. We show that ER to mitochondria phospholipid 37 transfer slows significantly in cells missing both ER-shaping proteins and the ERMES 38 complex. These cells also have altered steady-state levels of phospholipids. We found 39 that the defect in ER to mitochondria phospholipid transfer in a strain missing ER-40 shaping proteins and a component of the ERMES complex was corrected by expression 41 of a protein that artificially tethers the ER and mitochondria. Our findings indicate that 42 ER-shaping proteins play a role in maintaining functional contacts between the ER and 43 mitochondria and suggest that the shape of the ER at ER-mitochondria contact sites 44 affects lipid exchange between these organelles. 45 46
Summary 26
The endoplasmic reticulum (ER) forms a network of sheets and tubules that 27 extends throughout the cell. Proteins required to maintain this complex structure include 28 the reticulons, reticulon-like proteins, and dynamin-like GTPases called atlastins in 29 mammals and Sey1p in S. cerevisiae. Yeast cells missing these proteins have abnormal 30 ER structure, particularly defects in the formation of ER tubules, but grow about as well 31 as wild-type cells. We screened for mutations that cause cells with defects in maintaining 32 ER tubules to grow poorly. Among the genes we found were members of the ER 33 mitochondria encounter structure (ERMES) complex that tethers the ER and 34 mitochondria. Close contacts between the ER and mitochondria are thought to be sites 35 where lipids are moved from the ER to mitochondria, a process that is required for 36 mitochondrial membrane biogenesis. We show that ER to mitochondria phospholipid 37 transfer slows significantly in cells missing both ER-shaping proteins and the ERMES 38 complex. These cells also have altered steady-state levels of phospholipids. We found 39 that the defect in ER to mitochondria phospholipid transfer in a strain missing ER-40 shaping proteins and a component of the ERMES complex was corrected by expression 41 of a protein that artificially tethers the ER and mitochondria. Our findings indicate that 42 Introduction4 mitochondria. At ER-mitochondria MCSs, phospholipids are exchanged between these 78 organelles by unknown mechanisms (Voelker, 2009; Prinz, 2010) . The transport of 79 phosphatidylserine (PS) from the ER to mitochondria has been most heavily studied. PS 80 is synthesized in the ER and can be converted to phosphatidylethanolamine (PE) by the 81 enzyme PE decarboxylase (Psd), which resides in the mitochondrial inner membrane. 82
Therefore the conversion of PS to PE can be used to estimate the transport of PS from the 83 ER to mitochondria. Work in mammalian cells first suggested that ER to mitochondria 84 PS transport occurs at regions of close contact between these organelles (Voelker, 1985 ; 85 Vance, 1990; Voelker, 1989) . MCSs were also found to play a role in PS transport to 86 mitochondria in yeast, even though PS biosynthesis differs between mammals and yeast 87 (Simbeni et al., 1991) . 88
How ER-mitochondrial contacts are maintained is not well understood. A number 89 of proteins have been proposed to maintain these contacts in mammalian cells (Toulmay 90 and Prinz, 2011; Elbaz and Schuldiner, 2011a (Fig 1) . Therefore there are strong genetic interactions 140 between RTN1, YOP1, and the genes encoding all four members of the ERMES complex. 141
It should also be noted that when all of the strains missing any one member of the 142 ERMES complex, Rtn1p, and Yop1p were plated on solid medium, rapidly growing 143 colonies were often seen along with more slowly growing colonies (Fig 1) (Fig 1) . 159
These findings suggest that cells with defects in maintaining ER morphology 160 grow poorly when they also lack one of the proteins in the ERMES complex. We 161 wondered if other strains with abnormal ER shape also grow poorly when they lack one 162 of the proteins in the ERMES complex. Cells missing Sey1p and either Yop1p or Rtn1p 163 have defects in ER shape that are similar to those of cells missing Rtn1p and Yop1p (Hu 164 et al., 2009). We found that sey1Δ rtn1Δ mdm34Δ cells grew much more slowly than 165 sey1Δ rtn1Δ cells, (Fig 1C) , indicating that strains lacking proteins required to maintain 166 ER shape grow poorly when they are also missing one of the members of the ERMES 167 complex. Surprisingly, we found that sey1Δ mdm34Δ cells grew more slowly than sey1Δ 168 cells or mdm34∆ cells (Fig 1A and 1C) . This was unexpected because sey1Δ cells a 169 wild-type cells. We found that localization of Mdmd10-GFP, Mdm34-GFP, Mdm12-181 GFP, and Mmm1-GFP was similar when they were expressed in wild-type or rtn1Δ 182
Journal of Cell Science Accepted manuscript 8 yop1Δ cells (Fig 2) . These findings suggest that ERMES complex formation is not 183 altered in cells with abnormal ER shape. 184
185

ER to mitochondria PS transfer decreases in cells missing ER-shaping proteins and 186
Mdm34p. 187
Cells lacking ER-shaping proteins and proteins in the ERMES complex may grow 188 poorly because they have a defect in lipid exchange between the ER and mitochondria, a 189 process that is required for mitochondrial membrane biogenesis and lipid metabolism. 190
To determine if phospholipid transfer from the ER to mitochondria slows in these strains, 191
we measured the amount of newly synthesized PS that is converted to PE. PS is 192 synthesized in the ER (Zinser et al., 1991) and can be decarboxylated to PE by Psd1p, 193 which is in the inner mitochondrial membrane (IMM) (Trotter et al., 1993; Clancey et al., 194 1993), or Psd2p, which is in the Golgi complex or vacuole (Trotter et al., 1995 varied substantially between the strains used in Fig 3A (Fig S1A) measured Psd activity in a number of the strains shown in Fig 3A and found that they all 250 had at least as much Psd activity as psd2Δ cells, if not more (Fig 3B) . (Fig 4A) . We confirmed that Psd1-GFP is functional by showing that 255 it allowed a psd1Δ psd2Δ strain to grow without ethanolamine supplementation (Fig 4B) . 
Steady-state phospholipid levels are altered in cells missing ER-shaping proteins and 297
Mdm34p. 298 Because PS transfer from the ER to mitochondria is reduced in cells missing ER 299
shaping proteins and the ERMES protein Mdm34p, we wondered if steady-state levels of 300 lipids were altered in these strains. We determined the relative amounts of the four major 301 phospholipids in yeast: PS, PE, phosphatidylcholine (PC), and phosphotidylinositol (PI). 302
We found that cells with defects in ER to mitochondria PS transfer also had changes in 303 steady state levels of lipids; they had reduced levels of PE and increased amounts of PS 304 and PI (Fig 5A) . These cells also had an altered distribution of phospholipids in 305 mitochondria. We purified mitochondria from strains labeled to steady-state with 306
[
3 H]acetate and determined the relative abundance of the major glycerophospholipids in 307 cells: PC, PE, PS, PI, phosphatidic acid (PA), and cardiolipin (CL). The strains with 308 defects in PS transfer from the ER to mitochondria, mdm34Δ rtn1Δ yop1Δ psd2Δ and 309 sey1Δ rtn1Δ mdm34Δ psd2Δ cells, had decreased level of PS and PE in mitochondria, 310 consistent with a defect in ER to mitochondria PS transfer (Fig 5B) . The PS results are 311 particularly notable since the total amount of PS in these strains is elevated compared to 312 wild-type cells (Fig 5A) . Therefore, PS accumulates in the membranes of strains lacking 313
Mdm34p and ER-shaping proteins but PS is not elevated in mitochondria, consistent with 314 the idea that ER to mitochondria PS transfer is reduced in these strains. 315
316
In vitro ER to mitochondria PS transfer is not decreased in cells missing ER-shaping 317 proteins and ERMES proteins. 318 Because cells missing ER-shaping proteins and Mdm34p have reduced PS 319
transfer from the ER to mitochondria, we wondered if a similar defect would be seen 320 when transfer occurs in vitro. To study PS transfer in vitro, we used a method adapted 321 from Daum and co-workers (Achleitner et al., 1999), which used crude mitochondria to 322 measure PS transfer. Crude mitochondria were isolate by lysing spheroplasts with a 323 dounce and centrifuging the resulting lysate at ~10,000 x g, which pellets mitochondria 324 together with associated ER. PS transfer was then measured with a two-step reaction: 325 first, radiolabled PS was synthesized by PS synthase in ER membranes (Zinser et al., 326 1991) and, second, PS transfer was assessed by determining the rate at which the newly 327 synthesized PS was converted to PE, a reaction that occurs in the IMM (Trotter et was removed by chelation and PS decarboxylation began. Using this assay, we found that 332 PS to PE conversion was linear for 15 minutes (not shown), as previously described 333 (Achleitner et al., 1999). Psd1p is responsible for all the PS decarboxylation that occurs 334 in this assay even though the membranes were prepared from cells that contain both 335
Psd1p and Psd2p. We found that no PS to PE conversion occurred in membranes isolated 336 from cells lacking Psd1p (Fig 6A) membranes do not dissociate in our assay, we found that the amount of PS to PE 349 conversion in our in vitro assay was not decreased by dilution (Fig 6C) . Together, these 350 findings suggest that ER-derived membranes and mitochondria remain associated during 351 PS synthesis, transfer to mitochondria, and conversion to PE. 352
We determined the rate of PS to PE conversion with crude mitochondria derived 353 from wild-type cells and those missing ER-shaping proteins and the ERMES component 354
Mdm34p. Surprisingly, we found that the rate of PS transfer did not decrease or even 355 slightly increased with mitochondria derived from the mutant strains (Fig 6D) . This 356 result could not be explained by differences in the total amount of [ 3 H]serine synthesized 357 in these experiments; for reasons that are not known crude mitochondria derived from 358 rtn1Δ yop1Δ cells were able to produce more [ 3 H]PS than those from the other strains 359 used, but these differences do not correlate with the rate of [ 3 H]PS transferred measured 360 (Fig S1B) . Therefore, even though PS transfer from ER to mitochondria slows in cells 361 missing Mdm34p, Rtn1p, and Yop1p in vivo, no decrease in the rate of PS transport was 362 found in vitro. 363
364
An artificial ER-mitochondria tether restores PS transfer in cells missing ER-shaping 365 proteins and ERMES proteins. 366
The decreased PS transfer from the ER to mitochondria in mdm34Δ rtn1Δ 367 yop1Δ psd2Δ cells suggests that ER-mitochondria junctions are abnormal in this strain. 368
We wondered if increasing the number of ER-mitochondria junctions in this strain would 369 increase the amount of PS transferred from ER to mitochondria. To test this, we 370 expressed a fusion protein that artificially tethers ER and mitochondria in mdm34Δ rtn1Δ 371 yop1Δ psd2Δ cells and determined the conversion of [3H]PS to PE. The ChiMERA 372 protein contains GFP fused to sequences that insert into the ER and mitochondria and 373 when this fusion is expressed in cells it tethers these organelles (Kornmann et al., 2009) . 374
We expressed ChiMERA in both mdm34Δ rtn1Δ yop1Δ psd2Δ and psd2Δ cells and found 375 that PS to PE conversion increased in both strains (Fig 7A) , indicating that an increase in 376 ER-mitochondrial tethering can compensate for the decrease in PS transfer found in 377 mdm34Δ rtn1Δ yop1Δ psd2Δ cells. Interestingly, ChiMERA increased the percent of PS 378 converted PE in both psd2Δ and mdm34Δ rtn1Δ yop1Δ psd2Δ (Fig 7A) , suggesting that 379 increasing the number of contact sites between the ER and mitochondria increases PS 380 transfer between these organelles even in cells that have normal ER-mitochondria 381 junctions. To confirm that ChiMERA alters lipid metabolism in both strains, we 382 measured the steady-state levels of phospholipids in psd2Δ and mdm34Δ rtn1Δ 383 yop1Δ psd2Δ cells either containing or lacking ChiMERA. Remarkably, ChiMERA 384 increased the amount of PE and decreased the amount of PI in both strains (Fig 7B) . 385
Thus, the increased amount of PS transfer from ER to mitochondria in cells expressing 386
ChiMERA resulted in an increased steady-state level of PE. Since CDP-diacylglycerol is 387 a precursor for both PI and PS (Henry et al., 2012), it may be that increased PE 388 production from PS in cells expressing ChiMERA depletes the pools of CDP-389 diacylglycerol available for PI biosynthesis. It was not possible to determine 390 phospholipids levels were altered in the mitochondria from cells expressing ChiMERA 391 since we were unable to isolate purified mitochondria from these cells (not shown), 392 perhaps because they have a substantially increased amount of ER-derived membranes 393 associated with them. Surprisingly, even though ChiMERA restored ER to mitochondria 394 PS transfer in mdm34Δ rtn1Δ yop1Δ psd2Δ cells, it did not correct their growth defect 395 (Fig 6C) . The growth defect in this strain is probably at least partially caused by its Myriocin (SigmaAldrich, stock = 500 μg/mL in methanol) was added to the medium, the 526 cells were grown for 30 minutes, and 10 μg/mL Cerulenin (SigmaAldrich, stock = 5 527 mg/mL in dimethyl sulfoxide) was added to the medium. About 5 minutes later, 50 μCi 528 of [ 3 H]serine was added to the medium and the cells were grown for an additional 30 529 minutes, when cells were grown in SC, or 60 minutes when cells were grown in YPG. 530
The culture was then added to an equal volume of ice-cold water and it was washed once 531 with ice-cold water. Lipids were extracted, separated by HPLC, and extracted as 532 described in the previous section. 
